Objectives-The purpose of this study was to investigate and compare the serial changes of morphology and strain in the early process of Achilles tendinopathy in a rabbit model.
A chilles tendinopathy is common in the general population and can cause substantial morbidity and disability. 1, 2 The clinical diagnosis of Achilles tendinopathy is based on symptoms and signs such as impaired performance, swelling, and pain; however, it is challenging to determine the extent and severity of the tendinopathy only by clinical findings. In this circumstance, an imaging modality, such as ultrasound, is helpful. [3] [4] [5] Ultrasound-based elastography can also be used to identify Achilles tendinopathy, because tendon softening occurs in this disease. 6, 7 Strain elastography is a technique that can be used to assess the elasticity of a tissue by measuring strain. [8] [9] [10] A more elastic tissue shows greater strain, whereas a less elastic tissue shows less strain.
Strain elastography can provide immediate and comprehensive information about tissue elasticity in real time through color-coded mapping, which is overlaid on to a B-mode ultrasound image. 11 Elastography has been applied to various tendinous structures, most commonly to the Achilles tendon because of its relatively large size and easily accessible location. 7, [12] [13] [14] [15] [16] Elastography was introduced as a tool that enabled a different approach to the assessment of tendinopathy-relative to conventional ultrasoundwith reasonable histologic agreement in an in vitro animal study. 17 Many elastographic studies revealed softening of the tendon in cases of tendinopathy. 7, 14, 18 Clinical studies revealed that elastographic findings correlated well with symptoms, B-mode ultrasound, and magnetic resonance imaging. 7, 11, 12, 16 However, previous elastographic studies were results of one specific time point rather than serial observation. Therefore, the time of the change of strain during tendinopathy is unclear. It is important to determine the stage of the tendinopathy, because the management option can be influenced by the stage. 19 Although resting is good for early reactive tendinopathy and eccentric exercise is good for late degenerative tendinopathy, sometimes it is difficult to determine which is advantageous. Combination of morphologic and elastographic information may provide more accurate data for current disease state or treatment response. This study aimed to evaluate serial changes of morphology and strain in Achilles tendinopathy using B-mode ultrasound and strain elastography in an in vivo rabbit model.
Materials and Methods

Animal Model
The animal institutional review board at our institution approved this study (KUIACUC-2013-79). The study used 10 male rabbits that were approximately 3 months old with weights from 2.5 to 3.5 kg. They were placed in standard rabbit cages and housed with good environmental control. The room temperature was kept at 248C with a 12-hour light/dark regimen. After 7 days of cage adaptation, the animals underwent surgery, which was performed by one physician and one veterinarian. One randomly selected hind limb per rabbit was assigned to the inflamed group. It was ligated to induce ischemic injury as described by Kuo et al. 17 The other hind limb was included in the control group.
The animals were anesthetized with intramuscular injections of 5 mg/kg Zoletil (Virbac Korea, Seoul, Korea) and 2 mg/kg Rompun (Bayer Korea, Seoul, Korea). Intravenous cannulation was conducted in the ear and animals were kept anesthetized with additional intravenous applications of Zoletil and Rompun in half doses, when necessary. After anesthesia, the skin overlying the Achilles tendon was shaved and scrubbed. A longitudinal incision was made lateral to the visible outline of the tendon. The Achilles tendons in the inflamed group were exposed by blunt dissection, isolated from the adjoining tissue, and tightened circumferentially on the proximal and distal sides with 3-0 nylon sutures. The proximal site was near the musculotendinous junction and the distal site was near the calcaneal insertion. The sutures were tightened firmly to simulate tendon ischemia and the skin was subsequently closed. All procedures were conducted using aseptic techniques. No particular procedures were performed on the tendons in the control group. The rabbits wore Elizabethan collars for 5 days following surgery to prevent them from biting or licking the wounds. The rabbits were housed one per standard rabbit cage and were kept according to the standard protocol until they were sacrificed 15 to 25 days after surgery. The Achilles tendons were harvested from both limbs.
Ultrasound Examination and Image Analysis
A radiologist with 5 years of musculoskeletal radiology experience examined all rabbits with B-mode ultrasound and strain elastography using the same ultrasound machine (Phillips iU22, Phillips Medical System, Bothell, WA) with a 5-to 12-MHz linear array transducer. They were examined in the lateral decubitus position after anesthesia was achieved with intramuscular injections of Zoletil (5 mg/kg) and Rompun (2 mg/kg). The transducer was placed in the longitudinal plane over the Achilles tendon. The scan included the entire tendon from the musculotendinous junction to the calcaneal insertion. The B-mode and the color-coded elastography were displayed side by side on the screen (Figure 1 ). In our system, a soft area was represented by a red color and a hard area was represented by a blue color. The force applied to the tendon was adjusted according to the compression feedback bar on the screen. A green coloration indicated appropriate compression, whereas a gray coloration denoted inappropriate compression. The elastography was continued through several mild compression and relaxation cycles, and the examiner chose the representative images for analysis. Our protocol followed the technical considerations in musculoskeletal ultrasound elastography suggested by Drakonaki et al. 8 Ultrasound and elastographic examinations were performed three times for each rabbit: the first on days 3 to 5, the second on days 9 to 13, and the third on days 15 to 20 after surgery.
Tendon thickness was measured using a caliper tool in the PiView STAR (Infinitt, Seoul, Korea) picture archiving communication system. The anteroposterior thickness was measured at the center between the musculotendinous junction and calcaneal insertion. Image J software (National Institutes of Health, Bethesda, MD) was used to analyze the color histogram of elastography. After the region of interest was established at the middle one-third of the Achilles tendon, the red, green, and blue color pixel intensity histograms (ranging from 0 to 255) were obtained ( Figure 2 ).
Histologic Evaluation
Harvested Achilles tendon tissue was fixed in 4% formalin. The tendon was cut longitudinally down the center (parallel to the tendon fibers) and embedded in a paraffin block. Slices were stained with hematoxylin and eosin. Each specimen was evaluated with special reference to fiber structure, rounding of the nuclei, and regional variations in cellularity, all of which are regarded as characteristic findings of tendinopathy. 20 
Statistical Analysis
The differences in the mean thickness and the mean red, green, and blue pixel intensity ratios between the inflamed and control tendons in each follow-up were compared using Wilcoxon signed-rank tests. The differences between each follow-up were also compared using Wilcoxon signed-rank tests. Intraobserver variability for color histogram analysis was assessed using the intraclass correlation coefficient. Agreement was categorized as follows: 0 to 0.20 5 poor, 0.21 to 0.40 5 fair, 0.41 to 0.60 5 moderate, 0.61 to 0.80 5 substantial, and 0.81 to 1.00 5 almost perfect. 21 The overall relationship between tendon thickness and each color pixel intensity ratio was analyzed by Pearson correlation coefficient. Statistical analysis was performed with SPSS version 20.0 (SPSS Inc, Chicago, IL). A P value < .05 was considered statistically significant.
Results
Tendon Thickness
In inflamed tendons, the mean tendon thickness was 3.3 6 0.5 mm at the first follow-up, 4.0 6 0.8 mm at the second, and 4.6 6 0.9 mm at the third, whereas the thicknesses were 1.4 6 0.3 mm, 1.5 6 0.2 mm, and 1.4 6 0.2 mm, respectively, in the control tendons. There was a significant difference in thickness between the inflamed and control group at each follow-up (P 5 .01, respectively). Thickness change was significant Figure 1 . Side by side images of the Achilles tendon. The thickness (arrow heads) of the inflamed tendon (A) is markedly higher than that of the control tendon (B). Red color on elastography represents a soft area, whereas blue color represents a hard area. Note the red-coded foci in the inflamed tendon (A) but diffusely green-to blue-coded control tendon (B). C, calcaneus; arrows, surgical tie. between the first and second (P 5 .02), as well as between the second and third (P 5 .01) follow-ups in the inflamed group.
Color Histogram Analysis
The mean red pixel intensity ratio (red pixel intensity/ red 1 green 1 blue pixel intensity) of the inflamed tendons increased with time (25.02 6 3.56 at the first follow-up, 29.65 6 2.18 at the second, and 30.53 6 4.53 at the third), whereas that of the control did not increase (22.30 6 1.34, 21.36 6 1.47, and 22.35 6 1.59, respectively). The differences between inflamed and control tendons were significant only at the second and third follow-ups (P 5 .01, respectively). The blue pixel intensity ratio of the inflamed tendons decreased with time (35.77 6 5.35, 30.04 6 2.80, and 29.78 6 6.33), whereas there was no significant change in the control group (40.44 6 4.52, 41.44 6 4.10, and 43.14 6 6.24). The difference was also significant at the second and third follow-ups (P 5 .01, respectively). The red and blue pixel intensity ratio changes were significant in the inflamed group between the first and second, as well as between the second and third follow-ups (P 5 .01 and .04, respectively). Intraobserver agreement for color pixel intensity ratio measurement was substantial (intraclass correlation coefficient 5 0.70). Tendon thickness showed correlation with each color pixel intensity ratio (r 5 0.70 for red pixel intensity ratio, r 5 0.43 for green pixel intensity ratio, and r 5 20:71 for blue pixel intensity ratio; P < .01, respectively). The results are summarized in Table 1 .
Histologic Findings
The inflamed tendon specimens showed a loss of normal parallel bundles (n 5 10), rounding of the nuclei (n 5 10), and regional variation of cellularity (n 5 10), whereas the control tendons showed preserved parallel fibers (n 5 10), no nuclei rounding (n 5 10), and homogeneous cellularity (n 5 10) (Figure 3 ).
Discussion
In this study, we identified significant elastographic changes during the process of Achilles tendinopathy. As many authors have described, tendinopathy appeared as a soft area in our study. 7, 12, 14, 22 Tendon softening is thought to arise from the weakening of collagen crosslinking, followed by a subsequent reduction in elasticity. 18 In our study, this was confirmed histologically by the thinning, waviness, and microscopic disruption of tendon fibers. An in vivo study by Arya et al-which confirmed weakened mechanical properties in Achilles tendinopathy using dynamometry-supported these results. 6 The authors suggested that the apparent softness, despite increased thickness, is most likely a result of alterations in tendon tissue composition and structure, including the separation and loss of type I collagen fibers and the increased production of mechanically weaker type III collagen.
Strain elastography can demonstrate relative softening of the tendon; however, its quantification is still debatable. There have been various trials to quantify strain elastography. Most studies applied semiquantification using a scoring system of their own or obtained a strain ratio by comparison with a reference area. Interestingly, studies that used scoring systems that were more closely focused on the red coloration revealed tendon softening, 7, 14 whereas scoring systems that were more focused on the blue coloration revealed tendon hardening. 16, 23 A strain ratio measurement can overcome this subjectivity of scale to some degree. 22 However, a strain ratio can be easily influenced by the location and size of the reference area, 24 and there is no Note: The values are the mean 6 standard deviation. RPI, red pixel intensity; GPI, green pixel intensity; BPI, blue pixel intensity.
agreement regarding the appropriate reference area for specific musculoskeletal tissues. Color histogram analysis is also applicable in strain elastogram analysis. [25] [26] [27] The red and blue color pixel intensities may represent soft and hard tissue characteristics, respectively. In our study, we used a color histogram analysis software to analyze the elastogram. We believe that it is more objective and less observer variable. We used a color pixel intensity ratio for longitudinal comparison, because specific color pixel intensity was influenced by overall gain, which was not constant in all follow-ups. With this method, we can find the increase in red color pixel intensity ratio and the decrease in blue color pixel intensity ratio in the inflamed tendons during consecutive follow-ups.
To our knowledge, this is the first longitudinal study that follows tendinopathy with elastography. We found a different pattern relative to the changes seen in strain and thickness. In our animal model, tendon thickening was evident early in tendinopathy immediately after the procedure, and progressed during the subsequent two follow-ups. Tendon softening, however, was not significant compared with the control at the days 3 to 5 follow-up, but became evident after the days 9 to 13 follow-up. The elastographic changes became evident after tendon thickening. This implies that morphologic swelling occurs first, followed by mechanical softening. The reason for this phenomenon is not clear. One hypothesis is that tendon elasticity is preserved to a certain extent in early tendinopathy, although morphological changes occur by edema and infiltration of inflammatory cells. However, after an intrinsic threshold point, loss of fiber integrity induces a loss of elasticity and tendon softening. However, other various factors related to tendon injury and healing, such as inflammatory, proliferative, and remodeling processes, might be involved. 2 Klauser et al described the discrepancy between elastography and B-mode ultrasound in their cadaver study. 14 The authors suggested that the soft foci in elastography but the normal-appearing foci in Bmode ultrasound might represent "subclinical" tendinopathy. Our results also suggest that the timing of the examination might contribute to the discrepancy between elastography and B-mode ultrasound. If changes in mechanical properties can have a different time course compared with changes in morphology, care should be taken when interpreting elastographic results.
This study has several limitations. The first is the small number of subjects. A larger study is needed to validate our results. The second is the adequacy of the tendinopathy model. Although ischemia is considered one of the causes of tendinopathy, clinical tendinopathy is usually a chronic condition arising from overuse. In our study, however, we focused only on the early phase induced by iatrogenic ischemia. Inflammatory and proliferative processes of healing might occur in early phase of tendinopathy, whereas degenerative and remodeling processes are dominant in late phase. 2 A long-term follow-up study is needed to further explore the changes associated with chronic tendinopathy. The third limitation is the fact that we neglected peritendinous changes. Because tendinopathy was induced in this study by an open surgical procedure, there were considerable peritendinous changes, including inflammation and edema. The superficial location of the Achilles tendon is another notable limitation. Because of the mechanism of axialstrain elastography, accuracy can be compromised in a location that is too superficial. Although we applied a standardized protocol, error and artifact of the elastography can influence our measured value. Lack of reliability test of elastographic examination is also a limitation. Finally, because of the methodology of our analysis, we could not provide a comprehensive value for Achilles tendon strain. We focused only on the serial changes of the demonstrated color components in the elastogram.
In conclusion, this study investigated the serial changes of the morphology and strain in the Achilles tendon consequent to ischemic insult in a rabbit model. Both tendon thickening and softening developed during the early process of Achilles tendinopathy; however, tendon softening may present later than thickening. Care should be taken when interpreting strain elastography in tendinopathy because changes in strain and morphology may have different time courses.
